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Available online 28 August 2016AbstractUnder the joint action of gypsum-salt rocks and faults, fluid evolution process is complicated in the northern Tuzimazha, Kuqa Depression,
Tarim Basin. In the past, however, the oil and gas distribution rules in this area were less studied, so the related understanding was insufficient. In
this paper, the reservoirs in Well Block Tubei 1 were analyzed by means of fluid inclusion and quantitative grain fluorescence (QGF) techniques.
Based on tectonic evolution history, burial history, thermal history and hydrocarbon generation history, the paleofluid evolution process in this
area was reproduced. It is shown that the well block experienced hydrocarbon charge in two periods. The first period is the earlyemiddle stage
(16e9 Ma) of Miocene Kangcun Fm (N1e2k), when it was charged with oil, with the corresponding characteristics of yellow and whiteeyellow
fluid inclusion fluorescence and the QGF Index higher than 4, indicating that there were paleo-oil reservoirs at the early stage of the reservoirs.
And at the late stage, the fluids that were accumulated at the early stage escaped because the gypsum-salt rocks were cut by faults, and bitumen
remained in the reservoirs. It is also the evidence for the escaping of the early charged oil that the total scanning fluorescence (TSF) of the
hydrocarbon adsorbed to the surface of the current reservoirs is generally unimodal. The second period is the late stage (about 3 Ma) of Pliocene
Kuqa Fm (N2k), when the natural gas and light oil charging occurred. Correspondingly, there are two inclusions, i.e. black gaseous hydrocarbon
inclusion and blue fluorescence inclusion located along the edge of the quartz grains. At this stage, the gypsum-salt caprocks deepened and their
sealing capacity was recovered due to a strong plastic flow. Moreover, the trap was uplifted violently under the effect of Himalaya orogeny, and a
large amount of natural gas and a little light oil were accumulated.
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ration performance and decision-making [1e5]. During
paleofluid evolution and flow process, a large amount of fluid
traces will remain in migration pathways and reservoirs.
These fluids can be trapped and form fluid inclusions in the
reservoir diagenetic process, recording a great quantity of
information about fluid migration and charging, such as the
temperature, pressure and composition of fluid charging,
which is of great significance to the recovery of palaeo-Elsevier B.V. This is an open access article under the CC BY-NC-ND license
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fluid activities [2e5]. Moreover, the fluorescence intensity
and features of the internal fluids in mineral particles can be
detected by means of quantitative fluorescence technique
(QFT) in order to recover paleo-OWC, current OWC, residual
OWC and OWC adjustment process [6e9].
A set of very thick gypsum-salt rocks of Paleogene
Kumugeliemu Group is developed in Kelasu structural belt in
Kuqa Depression, the Tarim Basin, which has great impact on
the distribution of pre-salt and sub-salt reservoirs, especially
on the pre-salt lepidosome fault block reservoirs. The intense
fluidity and brittle-plastic conversion of gypsum-salt rocks
have prominent control the fluid flow and distribution during
the burial process [10,11]. Under the joint impact of gypsum-
salt rocks and faults, the fluid evolution process of the northern
Tuzimazha in Kelasu structural belt (hereinafter referred to as
Tubei) is complicated, however, was less studied in the past. In
this paper, by means of fluid inclusion analysis and quantita-
tive grain fluorescence (QGF) techniques, combined with
tectonic evolution, thermal evolution and hydrocarbon gener-
ation history, the paleofluid evolution process of Well Block
Tubei 1 was recovered in order to provide theoretical support
for the further exploration of the TubeieDabei Member in
Kelasu structural belt, Kuqa Depression.
1. Geological setting
Tubei 1 region is located in the west segment of Kelasu
structural belt, Kuqa Depression, adjacent to northern mono-
clinic belt to the north and Dabei oil and gas region to the
south (Fig. 1). Thick gypsum-salt rocks and gypsum mud-
stones are developed in this area, with a total thickness ofFig. 1. Comprehensive geological map1232.5 m. Pre-salt strata present fault slipping and folding
with gypsum-salt rocks as slip surface, forming different
structural highs in shallow strata and Mesozoic strata, while
sub-salt strata are a favorable exploration target due to the
formation of multiple lepidosome fault block reservoirs. Most
Triassic and Jurassic source rocks in Tubei region have entered
a gas generation stage as they have generated a large quantity
of oil and gas during the evolution process [12,13]. The
numerous faults developed in sub-salt are good hydrocarbon
migration pathways [14,15]. The sub-salt sandstone at the
bottom of Paleogene Kumugeliemu Group and the glutenite of
Cretaceous Bashijiqike Fm are high-quality reservoirs, with
active gas-logging shows. From the middle part of Paleogine
Suweiyi Fm to the bottom of Kumugeliemu Group, the ultra-
low permeable stratum dominated by gypsum mudstone,
gypsum-salt rocks and mudstone are developed, which are
good regional caprocks in Tubei region. In general, the sour-
ceereservoirecaprock assemblages of Tubei region are good.
However, at an early stage, the brittle gypsum-salt caprocks
were easily cut by faults in the shallow burial process,
resulting in the fluids in sub-salt strata escaping, while at a late
stage, gypsum-salt rocks were high in plasticity in the deep
burial process, which are favorable for the recovery of sealing
capacity and the hydrocarbon accumulation at the late stage
[10,11].
2. Quantitative fluorescence features of paleo fluids and
present fluids
Quantitative fluorescence technique (QFT) can be used to
quantitatively identify paleo-oil layers, residual oil layers and
present oil layers as well as oil component and maturity byof Tubei region, Kuqa Depression.
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features of interior grains and grain surface [6e9].2.1. Quantitative grain fluorescence (QGF) featuresReservoir quantitative grain fluorescence (QGF) can be
used to identify paleo-oil layers and their hydrocarbon prop-
erties by detecting the hydrocarbon information of interior
reservoir grains [6e8]. QGF index refers to the ratio between
QGF intensity and the fluorescence intensity corresponding to
300 nm. The QGF index of Well Tubei 1 (Table 1) ranges from
5.39 to 15.51, which is no more than 10 except the depth point
of 4239.2 m. However, the QGF index of paleo-oil layers is
generally greater than 4 [6], indicating that paleo-oil layers
exist at the depth of 4238.2e4413.7 m or the reservoirs at this
depth intervals are the hydrocarbon migration pathways at the
early stage. Comparison of QGF index with GR and resistivity
curves (Fig. 2) shows that the better the reservoir physical
properties, the lower the shale content and the smaller the
value of GR, corresponding to greater QGF index. For
example, the interval at the depth of 4239.2 m with high LLD
resistivity (RLLD) and low GR value, represents good reservoir
properties and high oil-bearing potential, corresponding to
QGF index of 15.51. The QGF spectral peaks are distributed in
388.03e402.16 nm and represents consistent shapes, indi-
cating the oil quality of each formation is consistent at the
early stage.2.2. Quantitative grain fluorescence-extract (QGF-E)
featuresGrain extract quantitative fluorescence can be used to
identify present oil layers and residual oil layers and effec-
tively reflect the hydrocarbon property and maturity of pre-
sent reservoirs by detecting the fluorescence intensity andTable 1
Quantitative fluorescence data of reservoirs in Tubei region.
Sample No. Depth/m Horizon QGF QGF-E
Index lmax/nm Index/
TB1$73 4238.2 E1-2km 6.1 398.9 6.7
TB1$74 4239.2 E1-2km 15.5 402.2 24.4
TB1$75 4240.2 E1-2km 9.4 399.9 92.7
TB1$76 4242.0 E1-2km 8.2 395.3 7.0
TB1$77 4245.0 E1-2km 6.1 395.2 5.4
TB1$78 4246.5 E1-2km 7.3 388.3 9.8
TB1$79 4247.4 E1-2km 6.9 390.8 6.8
TB1$80 4289.6 K1bs 7.0 394.2 20.1
TB1$81 4292.0 K1bs 7.4 391.0 8.3
TB1$82 4294.4 K1bs 7.4 396.3 8.5
TB1$83 4294.9 K1bs 7.6 390.3 8.0
TB1$84 4304.9 K1bs 5.5 391.4 8.0
TB1$85 4306.7 K1bs 5.8 389.4 11.7
TB1$86 4308.9 K1bs 9.5 388.0 6.9
TB1$87 4413.7 K1bs 5.4 394.8 10.5
DB104$69 6050.8 K1bs 5.0 387.8 22.1
DB104$71 6052.5 K1bs 5.9 390.5 16.8
Note: Max Ex represents the maximum excitation (Ex) wavelength; Max Em repres
TSF emission intensity at 360 nm and 320 nm at an excitation wavelength of 270spectral features of the hydrocarbons adsorbed to the grain
surface [6e8]. The QGF-E intensity is less than 20 pc except
the value at the depth of 4239.2 m, 4240.2 m and 4289.6 m.
However, Liu et al. [6] considered that the QGF-E intensity of
oil layers was generally greater than 20 pc. The spectral peaks
of QGF-E (Table 1) reveal that the absorbed hydrocarbon on
the reservoir surface is mainly light oil and condensate oil
with small recoverable reserves, indicating that light oil only
remains in few intervals and the study area mainly produces
gas. Comparison of QGF index with QGF-E intensity in-
dicates that the hydrocarbon-charging horizons of the late
stage are consistent with that of the early stage and the in-
tervals with good reservoir properties have high oil-bearing
potentials.
QGF-E spectral peak (Fig. 2, Table 1) mainly concentrates
in 359e379 nm, displaying the features of ultra-light oil and
condensate oil. The spectral main peak wavelength and sec-
ondary peak wavelength reflect hydrocarbon components [6].
Monocyclic and monocyclic aromatic hydrocarbons have peak
values of 287 nm and 320 nm, respectively. Tricyclic and
tetracyclic aromatic hydrocarbons have one main peak and one
secondary peak, with peak values of 320 nm and 365 nm.
Polar compounds have a peak value of 370 nm. Asphaltenes
have a wide spectrum and a large peak value, about 420 nm.
QGF-E spectrum generally shows unimodal features at a depth
shallower than 4245 m, with a peak value of 365 nm, indi-
cating that there is certain amount of asphaltenes in reservoirs.
However, QGF-E spectrum generally shows bimodal features
at a depth deeper than 4245 m, with one main peak value of
around 360 nm and one secondary peak value of around
320 nm, indicating that hydrocarbon components are domi-
nated by tricyclic and tetracyclic aromatic hydrocarbons.
Comparison of the spectral peak value of QGF-E with that of
QGF shows that the crude oil of present reservoirs is lighter
than that at the early stage.TSF
pc lmax/nm Imax Max Ex/nm Max Em/nm R1
364.0 23.8 220.0 420.0 1.1
362.0 99.1 220.0 420.0 1.5
369.0 79.7 254.1 374.1 2.2
363.0 69.3 220.0 420.0 1.1
359.0 42.1 220.0 420.0 1.2
361.0 111.6 220.0 420.0 1.3
358.0 51.0 220.0 420.0 0.9
361.0 243.6 220.0 420.0 1.6
365.0 20.1 220.0 410.0 1.3
368.0 22.6 220.0 420.0 1.0
362.0 48.0 220.0 420.0 1.5
375.0 46.9 220.0 420.0 0.7
379.0 65.3 220.0 420.0 1.9
369.0 14.8 220.0 300.0 0.8
366.0 85.5 220.0 420.0 0.9
357.0 46.0 220.0 420.0 1.4
358.0 52.3 220.0 420.0 0.9
ents the maximum emission (Em) wavelength; R1 represents the ratio between
nm.
Fig. 2. Comprehensive quantitative fluorescence profile of reservoirs in Well Tubei 1.
132 Wu H. et al. / Natural Gas Industry B 3 (2016) 129e1382.3. Total scanning fluorescence (TSF) featuresTotal scanning fluorescence can be used to record crude oil
components and detect whether crude oil has homologous
features and light and heavy components as the “fingerprint”
tool of crude oil comparative analysis [9]. Generally, R1 value
has a good negative correlation with crude oil maturity. When
the excitation (Ex) wavelength is 270 nm, the fluorescence
intensity corresponds to the ratio between 360 nm and 320 nm
emission (Em) wavelength [2,9], which can be used to express
the ratio between tricyclic and monocyclic aromatic hydro-
carbons, thereby, quantitatively detect the maturity of crudeoil. By comparing the distribution of n-alkanes, QGF þ and
iTSF spectrum of reservoirs, Liu et al. [8] considered that
medium oil e heavy oil corresponded to R1 value of greater
than 3.0, normal light crude oil corresponded to R1 value of
2.0e3.0 and condensate oil and ultra-light oil correspond to
R1 value of less than 2.0. All the R1 values of Well Tubei 1 are
less than 2.0, except the value at the depth of 4240.2 m, dis-
playing the features of ultra-light oil e condensate oil, which
may be resulted from the charging of condensate oil and
natural gas at the late stage. With structural uplifting and
reservoir reformation, a small quantity of crude oil and a large
quantity of bitumen remain in the structural low. The reservoir
Fig. 3. Total scanning fluorescence (TSF) diagrams of Well Tubei 1.
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methane (DCM) secondary reservoir extracts (Fig. 3) represent
unimodal features, indicating the crude oil existed in present
reservoirs is sourced from a single oil source. Excitation/
emission spectrum reveals that the hydrocarbons accumulated
in present reservoirs are light crude oil generated at the late
stage. However, the crude oil generated at the early stage has
already completely escaped due to the tectonic movement,
with a large amount of bitumen remaining in reservoirs.
3. Hydrocarbon-charging phases and paleo fluid evolution
process3.1. Hydrocarbon-charging phases
3.1.1. Inclusion petrographic analysis
Inclusions are extremely developed in partial intervals of
Well Tubei 1, which can be divided into several phases and
types based on their inclusion petrographic features, such as
intersecting relation, color, size, phase state, gas/liquid ratio
and occurrence minerals [16e18]. The fluorescence color can
be used to rapidly and effectively identify the maturity and
phases of hydrocarbon inclusions [19]; with hydrocarbon
evolves from low maturity to high maturity, its corresponding
inclusion fluorescence color will gradually change in this way:
fire redeyelloweorangeeyellowish whiteegreeneblueeblue
white [19e22]. However, after the inclusions are captured at
deep burial depth, hydrocarbon cracking will occur under high
temperature, resulting in some inclusions formed at the early
stage changing their fluorescence color from yellow to blue,
thereby, the identification of maturity and phases are faced
with a significant challenge. Fortunately, such conversion is
special rather than universal [23]. Therefore, the identification
of the formation phases of inclusions should be not only based
on fluorescence color, but also the petrographic features ofother inclusions in order to obtain accurate and reliable results.
The reservoir inclusions of Well Tubei 1 can be divided into
four types.
1) The first type is the pure liquid phase or gaseliquid
two-phase hydrocarbon inclusions with yellow and
yellowewhite fluorescence developed within quartz
particles and particle-healed fissures (Fig. 4aed). Some
quartz particles are cut by the black gas phase in-
clusions with linear distribution (Fig. 4d). The liquid
phase inclusions are mainly colorless, with minor
brown under single polarized light. The inclusions have
a gaseliquid ratio of 2.98%e31.75% due to their
different sizes and shapes.
2) The second type is the inclusions with blue fluorescence
developed within quartz-healed fissures, quartz margins
or sutures (Fig. 4a, e, f), most of which present annular
distribution (Fig. 4e). There are also inclusions with
yellow fluorescence in surrounding quartz particles
(Fig. 4f), which are colorless under single polarized light
and have a gaseliquid ratio of 7.68%e25.83%.
3) The third type is the black gaseous inclusions with black
fluorescence and linear distribution developed within
quartz-healed fissures (Fig. 4g).
4) The fourth type is the solid bitumen inclusions (Fig. 4h)
and pore residual bitumen (Fig. 4i) developed in quartz
margins, which may be the remains after gas washing or
oil reservoir reformation at the late stage, presenting
black color under single polarized light.
It should be noticed that there are oil inclusions with yellow
fluorescence in quartz particle margins, presenting zonal dis-
tribution, within which, there are two-phase hydrocarbon in-
clusions with blue fluorescence that may be formed due to the
hydrocarbon cracking occurred within inclusions during the
Fig. 4. Micrographs of reservoir inclusions in Well Tubei 1.
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of these inclusions should be removed. Otherwise, there will
be a great error in measurement results.
3.1.2. Hydrocarbon charging time
The hydrocarbon inclusions trapped under homogeneous
conditions and the brine inclusions trapped in the same period
have different isometric lines. Generally, hydrocarbon in-
clusions have lower homogenization temperatures than the
brine inclusions captured in the same period [19], for chemical
reaction easily takes place after hydrocarbon inclusions are
captured [23]. Therefore, the homogenization temperature of
the brine inclusions captured in the same period with hydro-
carbon inclusions is a representative of hydrocarbon trapping
temperature (Fig. 5). The temperature measurement results of
the inclusions within Well Tubei 1 (Fig. 5) reveal that thehomogenization temperature is between 70 and 85 C in the
oil inclusions with yellow fluorescence and is between 86 and
95 C in the associated brine inclusions. Since the homoge-
nization temperature of associated brine inclusions are more
representative, combined with burial history and thermal
evolution history (Fig. 5), it is speculated that oil is charged
between 16 and 9 million years ago, equivalent to the ear-
lyemiddle depositional period of Kangcun Fm. Since there is
obvious overlap in the homogenization temperature histogram
of the associated brine inclusions of the oil inclusions with
blue fluorescence and gas inclusions, it can be concluded that
hydrocarbon charging is a continuous process occurred at a
homogenization temperature of between 106 and 130 C, with
gaseliquid mixed-phase charging at the early stage and gas
phase charging at the late stage. Combined with thermal
evolution history and burial history, it is speculated that oil is
Fig. 5. Homogenization temperature (a), burial history and thermal evolution history (b) of fluid inclusions of Well Tubei 1.
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period of Pliocene Kuqa Fm. The inclusions with a homoge-
nization temperature greater than 150 C can't be displayed in
thermal evolution profile, which may be trapped under het-
erogeneous conditions.3.2. Matching relationship between thermal evolution of
source rocks and charging timeThermal evolution of source rocks is significantly influ-
enced by geological time and temperature. However, for a
defined set of source rocks, their formation and evolution
geological time is a certain value, which is mainly controlled
by their geothermal temperature and heat flow [15,24]. Two
sets of gypsum-salt rocks are developed in Kuqa Depression,
which have great impact on geothermal temperature and the
thermal evolution of source rocks. According to the calcula-
tion results, if the thickness of the gypsum-salt rocks of
Paleogene Kumugeliemu Group in western Kuqa increases by
100 m, the thermal evolution degree of the vitrinite reflectance
(Ro) will lag 0.0214% for Triassic source rocks and 0.0222%Fig. 6. Thermal evolution history profilfor Jurassic source rocks [25]. The high thermal conductivity
of gypsum-salt rocks makes the hydrocarbon generation time
well matched with trap formation time, which is conductive
for hydrocarbon accumulation at the late stage. Two phases of
hydrocarbon charging occur in Well Block Tubei 1 16e9 Ma
and 3 Ma. From the hydrocarbon generation history of source
rocks (Fig. 6), two aspects can be concluded. First at the 16
Ma, the Ro is about 1.22% for the source rocks at the bottom of
Triassic strata, about 0.85% for the source rocks at the bottom
of Jurassic strata and 0.54% for the source rocks at the top of
Jurassic strata. 9 Ma ago, the Ro is about 1.47% for the source
rocks at the bottom of Triassic strata, about 1.02% for the
source rocks at the bottom of Jurassic strata and 0.64% for the
source rocks at the top of Jurassic strata. Therefore, Lower
Triassic source rocks mainly generate normal crude oil and
Upper Triassic source rocks mainly generate light oil. How-
ever, the main interval of Jurassic source rocks is coal measure
strata that can continuously generate gas [26,27]. Thereby, the
inclusions of early stage are gaseliquid two-phase inclusions,
mostly with large gas/liquid ratio. Second at the 3 Ma, the Ro
is about 1.97% for the source rocks at the bottom of Triassice of source rocks in Well Tubei 1.
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Jurassic strata and about 0.88% at the top of Jurassic strata,
thereby, the source rocks mainly generate condensate oil and
wet oil at the early stage and dry gas at the late stage.3.3. Paleo fluid evolution processKelasu structural belt experienced rapid burial process at
the late stage, when Triassic and Jurassic source rocks rapidly
entered into mature and gas generation stage, natural gas and
a small amount of light crude oil were accumulated in the
depression at the late stage as a result of multi-phase fluid
charging. However, the fluid activity is significantly affected
by multi-phase tectonic movements [1,2,28]. The Cenozoic
Himalayan movement occurred in Kuqa Depression have
greatest impact on the current tectonic pattern. The tectonic
deformation is divided into three phases, i.e. Late OligoceneFig. 7. Schematic map of the fluid ev(depositional period of Kangcun Fm), Late Pliocene (depo-
sitional period of Kuqa Fm) and Early Pleistocene (deposi-
tional period of Xiyu Fm), which result in the formation of
multiple effective traps that are the favorable hydrocarbon
accumulation regions. Meanwhile, multi-phase tectonic
movement has a prominent impact on fluid activity, oil
reservoir reformation, adjustment and destruction [2,29].
Gypsum-salt caprocks control the accumulation and distri-
bution of oil and gas in Kuqa Depression. However, with the
increase in burial depth, gypsum-salt caprocks converted from
their brittleness to plasticity [10,11,30]. The gypsum-salt
caprocks are brittle above an average depth of 3000 m, but
convert to being plastic below 3000 m with intensive liquidity,
resulting in salt-penetrating faults and fissure healing, cap-
rocks recovering perfect sealing capacity and the oil and gas
generated at the late stage accumulating in traps [10,11].
Moreover, oil and gas inclusions and residual bitumen areolution process in Well Tubei 1.
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migration traces of the paleo-oil and gas in gypsum-salt
caprocks [30,31]. Based on the paleo fluid evolution evi-
dence combined with regional tectonic evolution history, trap
generation and expulsion history, it is considered that two
phases of fluid activities took place in the study area, i.e.,
crude oil is charged in Miocene e Pliocene Kangcun Fm
(N1e2k)and mixed oil and gas is charged in Pliocene Kapa Fm
(N2k) (Fig. 7).
During the earlyemiddle depositional period of Kangcun
Fm, Triassic normal crude oil migrated into preliminary
traps; correspondingly, low mature inclusions with yellow
and yellowish white fluorescent were developed. During the
early oil-charging period, traps were low in relief but
extensive in area. Under Himalaya orogeny, faulting was
intensive, resulting in the brittle gypsum-salt caprocks with
shallow burial depth destroyed and the crude oil accumulated
in traps leaked. Zhuo et al. [32] proved by biomarker com-
pound features that cured oil accumulated in DabeieTubei
Member leaked along gypsum-salt rocks, forming Dawanqi
oil reservoir in pre-salt strata. With the increase of burial
depth, gypsum-salt rocks converted from their brittleness to
plasticity and their fluidity was strengthened, resulting in
salt-penetrating faults and fissure healing and sealing ca-
pacity recovering. At that time, traps uplifted intensively,
with relief increasing due to the extrusion of Himalaya
orogeny. Rapid burial process resulted in source rocks
entering into gas generation stage; thereby, a large quantity of
natural gas and a small quantity of light oil were accumulated
in traps (N2k), corresponding to the inclusions with blue
fluorescent and zonal distribution in quartz overgrowth and
the black gas inclusions penetrating quartz with linear
distribution.
4. Conclusions
1) Paleo-oil reservoirs exist in Well Block Tubei 1. At
present, certain light oil or condensate oil charged at a
late stage remain in some intervals, while the crude oil
charged at an early stage has already leaked.
2) Two phases of hydrocarbon charging occurred in Well
Block Tubei 1. The first phase is 16e9Ma, corresponding
to the inclusions with yellow and yellowewhite
fluorescent. The second phase is 3 Ma, corresponding to
the inclusions with blue, blueewhite and black
fluorescent.
3) Normal crude oil was charged at the earlyemiddle
depositional period of Kangcun Fm in Well Block
Tubei 1, which leaked at the late stage since the brittle
gypsum-salt rocks with shallow burial depth were cut
by faults, resulting in a large quantity of residual
bitumen remaining in reservoirs. During the late
depositional period of Kuqa Fm, the sealing capacity of
gypsum-salt rocks recovered. Meanwhile, Himalayan
orogeny resulted in traps intensively uplifting and a
large quantity of gas and a small quantity of light oil
accumulated.References
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